We examined the genetics of hybrid incompatibility between two closely related diploid hermaphroditic plant species. Using a set of near-isogenic lines (NILs) representing 85% of the genome of the wild species Lycopersicon hirsutum (Solanum habrochaites) in the genetic background of the cultivated tomato L. esculentum (S. lycopersicum), we found that hybrid pollen and seed infertility are each based on 5-11 QTL that individually reduce hybrid fitness by 36-90%. Seed infertility QTL act additively or recessively, consistent with findings in other systems where incompatibility loci have largely been recessive. Genetic lengths of introgressed chromosomal segments explain little of the variation for hybrid incompatibility among NILs, arguing against an infinitesimal model of hybrid incompatibility and reinforcing our inference of a limited number of discrete incompatibility factors between these species. In addition, male (pollen) and other (seed) incompatibility factors are roughly comparable in number. The latter two findings contrast strongly with data from Drosophila where hybrid incompatibility can be highly polygenic and complex, and male sterility evolves substantially faster than female sterility or hybrid inviability. The observed differences between Lycopersicon and Drosophila might be due to differences in sex determination system, reproductive and mating biology, and/or the prevalence of sexual interactions such as sexual selection.
U NDERSTANDING the genetic basis of interspecific cesses (Rieseberg et al. 2000; Noor et al. 2001 ; Navarro barriers is central to elucidating mechanisms of and Barton 2003; but see Lu et al. 2003) . In cases where biological speciation. This is because the tempo and interspecific barriers are due to genic Dobzhansky-Muller mode of speciation can be strongly influenced by the interactions, however, current interest is focused on number and individual effects of changes causing reproidentifying the specific nature of hybrid incompatibility ductive isolation (Barton and Charlesworth 1984;  factors (i.e., the number of loci involved, the size of Gottlieb 1984; Coyne 1992) . Classical (Stebbins 1950;  their individual phenotypic effects, their mode of gene Dobzhansky 1951) and more recent (e.g., Coyne and action, and their location in the genome) and what Orr 1989a; Tilley et al. 1990; Sasa et al. 1998 ; Price these might indicate about the forces primarily responsiand Bouvier 2002; Mendelson 2003; Moyle et al. 2004) ble for the formation of new species. analyses indicate that reproductive isolation between taxa To date, the data brought to bear on these questions generally increases with time since divergence. Nonetheare overwhelmingly from Drosophila species crosses. less, relatively few studies have directly examined the Such studies include genome-wide mapping of hybrid genetic basis of traits responsible for reproductive isolaincompatibilities (Dobzhansky 1951 ; Naveira and tion, especially hybrid inviability and sterility occurring Fontdevila 1986; True et al. 1996; Coyne et al. 1998 ; in the absence of ploidy differences or apparent ecologi Presgraves 2003) , fine-scale mapping of hybrid male cal factors. Two alternative genetic mechanisms could sterility (e.g., Tao et al. 2003a,b) , and even identification explain the basis of these "intrinsic" incompatibility facof the molecular genetic basis of individual loci that tors: chromosomal rearrangements or interlocus epistacontribute to hybrid breakdown (Ting et al. 1998 ; Barsis (commonly known as Dobzhansky-Muller interactions, bash et al. 2003; Presgraves et al. 2003) . In combination after Dobzhansky 1936 and Muller 1939) . Chromowith theoretical work (e.g., Turelli and Orr 1995; 2000) , somal rearrangements are thought to be particularly imthese studies have elegantly demonstrated that at least portant in the evolution of hybrid incompatibility among three patterns appear to characterize the genetic basis plant species (e.g., Grant 1963; Rieseberg 2001) but have of hybrid incompatibility in Drosophila. First, incomalso been implicated in more general divergence propatibilities that specifically influence hybrid male sterility appear to evolve most readily, such that for any given species cross male sterility factors are much more preva-1 2003 and references therein). Second, male sterility sex chromosomes can be subject to unique evolutionary dynamics in comparison to the autosomes, including appears to be highly polygenic and complex, involving interactions between multiple loci and/or blocks of chropotentially higher rates of substitution (see Tao et al. 2003a; Tao and Hartl 2003 and references therein) . mosomally clustered factors to generate sterility phenotypes (Davis and Wu 1996; Tao et al. 2003b and referThey may also facilitate the independent evolution of male and female traits, enabling faster sex-specific evoluences therein). Third, hybrid incompatibilities appear on average to act recessively, such that their phenotypic tion and/or stronger sexual selection. Similarly, sexual interactions (including male-male competition and maleeffects are observed or maximized when in homozygous (or hemizygous) form, especially against a homozygous female antagonism) are frequently invoked to explain accelerated rates of male evolution and of reproductive foreign genetic background (i.e., recessive-recessive incompatibilities; Presgraves 2003; Tao et al. 2003a,b) . traits in general Swanson and Vacquier 2002) . These interactions therefore appear to play a cenSeveral explanations have been proposed for the first two patterns. First, sexual selection may accelerate rates tral role in the evolution of traits that could strongly influence the expression of interspecific reproductive of change in male traits, thereby accelerating evolution of interspecific differences in male fertility loci as a byisolation. These patterns in Drosophila may provide expectaproduct . This can lead to both more male sterility factors and a more complex genetic tions for hybrid incompatibility in other biological groups that have heteromorphic sex chromosomes and/or strong basis for male sterility; multiple bouts of sexual selection can act to fix many different (and comparatively more sexual interactions [for example, Anopheles or Aedes (Presgraves and Orr 1998) moscomplex) changes between species than are observed in traits influenced by one or few bouts of natural selection quitoes]. However, in biological groups where there are no heteromorphic sex chromosomes, where sex deter-(Orr and Coyne 1992). Another proposal is that gametogenesis evolves much faster in the heterogametic (i.e., mination is not genetic, and/or where individuals are bisexual (hermaphrodites) rather than simply male or "XY") sex, rather than in males per se, because of more intense sex-ratio selection in the heterogametic sex (Tao female, it is unclear that equivalent evolutionary dynamics will predominate and, therefore, that similar experiand Hartl 2003) . Alternatively, the process of spermatogenesis might be relatively more sensitive to perturbamental observations are expected. These alternative sexual and mating systems are prevalent in many biological tion than other hybrid fitness components, so that more genic changes can result in male sterility than other systems and dominate in groups as diverse as plants, fungi, marine invertebrates, mollusks, and reptiles (Bull 1983 ). forms of hybrid incompatibility . While the biochemical basis of the third pattern, recessiTheir biological differences may also act to reduce the strength, frequency, or efficacy of forces such as sexual vity of hybrid incompatibility factors, is not well understood (Turelli and Orr 2000) , recessivity of gene acselection and other sex-specific interactions. For example, self-fertilization may reduce the opportunity for setion directly influences the expression of hybrid fitness phenotypes. For example, the common observation in lection to act on gamete discrimination traits and, therefore, on traits involved in reproductive isolation (Levin hybrids between species with heteromorphic sex chromosomes that the weaker sex is the heterogametic sex 2000). Accordingly, while our expectations of hybrid incompatibility in the absence of chromosomal sex de-(i.e., Haldane's rule; see Laurie 1997) could be due in part to recessivity of most hybrid incompatibility factors, termination and well-understood sexual interactions are comparatively ill defined, there are plausible biological such that they are differentially uncovered in the hemizygous sex (Turelli and Orr 2000) . Recessivity has also reasons to expect they might differ from those in Drosophila. been used to explain the "large-X" effect (Turelli and Orr 2000) : the observation in Drosophila that the X Recently, analyses in non-Dipteran systems (e.g., Bradshaw et al. 1995; Fishman and Willis 2001; Hodges chromosome disproportionately contributes to the expression of hybrid incompatibility (Coyne and Orr et al. 2002) including agricultural model species (e.g., Kim and Rieseberg 1999; Harushima et al. 2001 Harushima et al. ) have 1989b . (See also Naveira and Maside (1998) and Tao et al. (2003a) for an alternative meaning of the large-X begun to generate data on the number, location, and individual effects of loci contributing to reproductive effect and hypothesized causes of this effect, including faster male evolution.) isolation, including hybrid incompatibility. These studies clearly demonstrate that genomic mapping can be In combination, these patterns suggest the emergence of some general rules and common dynamics shaping used to dissect hybrid incompatibility in species further afield than Drosophila. They also suggest a more varithe genetic basis of hybrid incompatibility in Drosophila. These rules depend especially on the influence of two able genetic basis for hybrid incompatibility. For example, sunflower hybrid incompatibility appears to be largely related factors: sex chromosomes and sexual interactions. Patterns such as Haldane's rule and the large-X effect due to extensive chromosomal rearrangements, which are perhaps associated with genic changes (Kim and Rieseindicate that sex chromosomes play a special role in the evolution of hybrid incompatibility in Drosophila. The berg 1999, 2001). In contrast, premating isolation is pre-dominantly due to genic differences between wildflower gous form on the success of seed set; and third, to evaluate the influence (if any) of the length of introMimulus species (Bradshaw and Schemske 2003) , with little or no known role for chromosomal inversions. Mapgressed chromosomal regions on the expression of hybrid pollen and seed fertility. ping of individual sterility factors in rice cultivar crosses indicates that sterility factors can be due both to local chromosomal rearrangements between species (e.g., Li MATERIALS AND METHODS et al. 1997) and to pairs of "complementary" (i.e., Dobzhansky-Muller) factors (e.g., Ikehashi and Araki 1988;  Study system: Lycopersicon is a relatively small plant group Li et al. 1997 ) that influence hybrid fitness. Despite consisting of nine closely related diploid species, including these promising investigations, however, there are still the domesticated tomato L. esculentum (Mill.) , within the large and diverse Solanaceae family (Rick 1995 Here we examine the genetics of interspecific barriers populations of L. hirsutum are obligately outcrossing-a matbetween two closely related species in the plant group ing system strictly enforced by the gametophytic self-incompatibility system-and exhibit several features typical of outLycopersicon. Lycopersicon is an attractive plant model crossers (Quiros 1991) and are to some de-1990; Kondo et al. 2002) , and self-compatibility is thought gree intercrossable (Rick 1979) . These features are parto have preceded domestication (Rick 1995) . Phylogenetic ticularly advantageous because, in addition to allowing resolution and chronological dating of speciation events in formal genetic analysis, they indicate that species might Lycopersicon has proved difficult. However, recent estimates largely be reproductively isolated by genic loci, rather suggest the Lycopersicon group began its initial radiation approximately 7 million years ago (Nesbitt and Tanksley 2002). than by changes in large-scale chromosomal organizaNucleotide divergence between L. esculentum and L. hirsutum tion, including chromosomal rearrangements (Quiros estimated from six independent noncoding regions averages 1991). In addition to these biological advantages, Lyco-0.044 substitutions per base pair, indicating these species are persicon is the subject of extensive genomic research closely related (Nesbitt and Tanksley 2002). because it includes the cultivated tomato, Lycopersicon Lycopersicon is the subject of extensive genomic research due to its use as a model organism for developmental and esculentum. The resulting genetic resources in this group, reproductive biology and its agronomic importance and close including a high-density linkage map (Tanksley et al. relationship with Solanum species including potato, pepper, 1992; Frary and Tanksley 2001) and several sets of and eggplant (Pillen et al. 1996 (Doganlar et al. 2002) , promise to lines, the availability of a high-density genetic linkage map in Lycopersicon (Tanksley et al. 1992; Frary and Tanksley 2001) greatly facilitate mapping and eventual molecular idenhas facilitated multiple marker-association studies involvtification of interspecific traits, including hybrid ining crosses within L. esculentum and between wild and culticompatibility.
vated Lycopersicon. To date, analyses have focused on the idenTo map quantitative trait loci (QTL) associated with tification of agriculturally valuable traits (Pillen et al. 1996;  pollen (male) fertility and seed inviability/fertility, we ously generated by Monforte and Tanksley (2000) who prosecond, to determine the mode of gene action of loci vide a detailed description of their construction elsewhere (see underlying hybrid seed fertility, specifically the relative Bernacchi et al. 1998a,b; Monforte and Tanksley 2000) . Briefly, all lines are the advanced generation backcross progeffects of introgressions in homozygous vs. heterozy-eny of a single F 1 plant produced by crossing L. hirsutum acand on the LE parental plants. Only pollen fertility was measured on LH parental plants, due to the extended period cession LA1777 as the staminate (male) parent to L. esculentum cv. E6203. The F 1 individual was backcrossed to the recurrent required for flowering and fruit development in this species and the inability to obtain selfed seed (due to gametophytic cultivated LE parental line for two generations, and a subset of the resulting BC 2 plants were subjected to marker-assisted self-incompatibility in this accession). Nonetheless, extensive propagation of L. hirsutum indicates that intra-accession crosses selection to identify lines with single LH introgressions of interest and to maximize the representation of the LH genome routinely yield 40-50 seeds per fruit (R. Chetelat, personal communication), providing a baseline for comparing seed on the LE background (Bernacchi et al. 1998a ). In addition, 111 additional BC 2 plants were selfed through single-seed deyield with the LE parental species and the introgression lines in this study. scent for a further three generations. This population of BC 2 S 3 lines was subjected to two rounds of marker-assisted selection Pollen fertility was estimated on three unopened flowers on each plant by dissecting the entire anther cone from each to minimize the number of LH introgressed segments found within each line while maximizing genome-wide LH represenflower and collecting it into 400 l of lactophenol-aniline blue histochemical stain (Kearns and Inouye 1993). Each anther tation. Each resulting line carries one or more marker-characterized LH introgressions in homozygous form in an isogenic cone was gently agitated to release the pollen sacs into the dye solution. Samples were vortexed before a 7-l subsample LE background. The complete set of developed NILs (99 lines) is publicly available from the Tomato Genetics Resource Cenwas pipetted onto a hemacytometer. Pollen inviability was indicated by the absence of a stained cytoplasm; this is a conservater at UC Davis (http:/ /tgrc.ucdavis.edu). In combination, they cover 85% of the wild species genome. Four genomic regions tive measure of pollen infertility as some grains that stain for cytoplasm may nonetheless be functionally inviable for other are known to account for the missing genomic coverage (Monforte and Tanksley 2000). At two of these regions, the selfreasons (Kearns and Inouye 1993). Pollen fertility was quantified in two ways: total number of pollen grains (PN) and proincompatibility (S ) locus on chromosome 1 and the self-pruning (sp) locus on chromosome 6, LE alleles were deliberately portion of fertile pollen (PF). Because the pollen counts in each subsample are proportional to the average pollen numfixed during the development of the lines, to facilitate cultivation by ensuring self-fertility (i.e., selection for self-compatiber per flower, we refer to them here as the number of pollen grains per flower. bility) and determinate habit (i.e., selection for determinate growth) typical of the recurrent parent (Bernacchi et al. 1998a) .
Seed fertility was determined indirectly by measuring seed production (total seed count) resulting from two different The other two regions, on chromosomes 2 and 8, could not be fixed in homozygous form during NIL development for pollination treatments: self-pollination ("self") and cross-pollination with LE pollen (backcross or "LE-cross"). Because all unknown reasons (Monforte and Tanksley 2000) . Our analysis cannot address whether incompatibility or other trait facNILs used in the study contain an LH introgression in homozygous form, selfing generates seed that is homozygous for the tors are or are not contained within genomic regions that are unrepresented in these lines (see discussion).
LH introgression, whereas pollination with L. esculentum pollen produces seed that is heterozygous for the LH introgresFor this experiment, 71 introgression lines were chosen to maximize genomic representation of L. hirsutum introgressions sion. For self seed, at least three flowers per plant were allowed to set seed via selfing; where fruits were not set automatically, (i.e., 85% of the LH genome in total) in the L. esculentum genetic background, while avoiding undue repetition of any single flowers were hand-selfed to ensure that morphological differences were not responsible for lack of seed set. For LE-cross introgressed region and minimizing the number of lines that contained Ͼ1 individual introgression. On the basis of estiseed, at least three flowers per plant were emasculated preanthesis (in the bud stage) and subsequently hand-pollinated mates of introgression size (Monforte and Tanksley 2000 and see below), each of these 71 NILs contained, on average, with pollen collected and bulked from at least five plants of the LE parental accession. Pollinated flowers were tagged so 48.5 cM of introgressed LH genome (range, 4.5-135 cM); this corresponds to an average of 3.86% LH genome per NIL that fruit from each cross type could be distinguished during harvest. Upon maturation, fruit was individually harvested (range, 0.35-10.7%), assuming a genome size of ‫0621ف‬ cM (Tanksley et al. 1992) . (NILs with Ͼ100 cM of introgressed from all plants over a 2-week period. Following standard seed extraction techniques in tomato (Silva et al. 1982) , seeds were LH genome contain two or three introgressed regions on different chromosomes; see below.) cut from each fruit by hand, soaked in 10% trisodium phosphate solution for 30 min to remove gel, rinsed, and air dried Line cultivation and handling: Each line and both parental accessions were evaluated in a replicated (3 plants per NIL, 10 on paper for 24 hr. Seed fertility was determined for each cross by counting the number of visible seeds from each fruit, plants per parental accession), randomized common garden experiment and assayed for male and female fertility and for to give measures for self-seed set (SSS) and LE-cross seed set (SSC) for each NIL and the LE control parent. a set of seven floral, inflorescence, and fruit morphology traits. Results for the morphological traits will be treated elsewhere
It is important to note that seed set and pollen fertility are not fully analogous measures of hybrid incompatibility. In (L. Moyle and E. Graham, unpublished observations). All plants were propagated under the same conditions, following particular, pollen sterility estimates inviable male gamete production whereas seed set represents the composite effects of standard greenhouse cultivation protocols. Seeds were treated in 0.125% sodium hypochlorite for 30 min, rinsed, placed male and female fertility, in addition to early zygotic dysfunction. As such, interpretation of self-seed set requires that indion blotting paper, and incubated (12-hr day length, 24Њ) to stimulate germination. After 10 days, germinated seedlings were vidual male fertility within each NIL be taken into account. Several strategies for accounting for the influence of male transplanted to soil-filled flats and hand-watered daily. Three weeks after transplant, seedlings were transferred to individual fertility on self-seed set are discussed under results. QTL analysis: The degree of association between each trait 1-gallon pots containing greenhouse potting mix and placed in a climate controlled greenhouse at the UC Davis Division of interest and specific introgression lines was evaluated using Dunnett's mean contrast, which evaluates the mean phenoof Biological Sciences greenhouse facility. Plants were watered daily via drip irrigation, fertilized twice weekly, and pruned type of each NIL against the control LE accession with an experiment-wise ␣-level of 0.05, i.e., corrected for multiple comand staked prior to flowering.
Fertility evaluation of parental and introgression lines: Polparisons (Dunnett 1955; Zar 1984) . For lines that were significantly different from the control, results are presented len and seed fertility was measured on all introgression lines as percentage difference (⌬%) from the isogenic LE control; of the map units in our species cross. Distances were obtained in January 2004 by searching for the relevant genetic markers this difference is defined as the phenotypic effect of the QTL hypothesized to reside within the introgressed segment, as in on the 2002 L. esculentum/L. pennellii map using the Solanaceae Genome Network website (http:/ /www.sgn.cornell.edu/). previous studies (e.g., Zamir 1995, 1996) .
The minimum number and genomic location of QTL unWhere data were available (for a subset of 15 of 71 estimated introgression sizes) we compared published intermarker disderlying differences in each trait were inferred by comparing the positions of introgressed segments having different trait tances from the L. esculentum ϫ L. hirsutum cross with distances generated from the L. esculentum ϫ L. pennellii map; the correvalues from the control parent, using three assumptions (following Eshed and Zamir 1995; Tao et al. 2003b) : (1) a QTL lation was both strong and significant (Pearson's r ϭ 0.9255, P Ͻ 0.0001), indicating that the proxy estimates we use from is counted only if the relevant NIL is significantly different from the corresponding control, (2) each NIL affecting the the high-density map are likely a very good match for relative map distances in the LH/LE cross and that therefore our trait carries only a single QTL, and (3) two overlapping introgressions with a significant effect on the trait, in the same regression analyses likely use reasonable centimorgan length estimates for introgressed regions. In this study, most (47 of direction relative to the control, carry the same QTL. In addition, for adjacent introgressions that contain overlapping re-71) of the NILs contain a single introgressed region only; however, 12 contain two known introgressed regions on two gions but whose mean trait values differed significantly, the nonoverlapping portion of the introgression was declared the different chromosomes, and another 12 contain known introgressed regions on three different chromosomes. For each of probable location of the QTL of interest. A trait shift between adjacent introgressions was evidenced by a significant differthese NILs, estimated lengths of the individual regions were simply summed to give an estimate of the total length of the ence in trait values between plants carrying each introgression, such that one line was significantly phenotypically different introgressed LH genome. Note that the relationship between physical and genetic from LE whereas the other(s) was not. In these cases, we also directly confirmed phenotypic differences between the adjadistance can vary 10-fold across the Lycopersicon genome, ranging from known extremes of ‫5ف‬ million base pairs per cent introgression lines using standard pairwise t-tests. In at least one case, conflicting results from NILs with whole or parcentimorgan in centromeric regions to 43 kb/cM in euchromatic regions distant from the centromere, with an estimated tial overlapping regions made definitive assignment of a QTL to a specific genomic location difficult. In this case, it is likely average of ‫057ف‬ kb/cM (Pillen et al. 1996) . If individual introgressions contain a biased or nonrandom sample of genethat assumption 2 was violated; i.e., the NIL with the signifirich and gene-poor regions, then the relationship between cant trait difference apparently carries two or more QTL (see introgression size and sterility predicted under an infinitesimal results).
model may be weaker. However, although the relative gene For seed set, we also estimated the dominance deviation, i.e., density in each introgressed region is unknown, the set of the difference between the LH/LE heterozygote (i.e., seeds lines used here represents most of the genome and ‫%08ف‬ resulting from NIL ϫ LE crosses) and the midvalue of the (57/71) of the NILs contain both gene-rich (euchromatic) homozygote LH (selfed NIL) and LE (selfed) lines; signifiand gene-poor (centromeric and/or telomeric) chromosomal cance of this deviation was calculated by contrasting the hetregions, providing little suggestion that individual introgreserozygous seed set (ϫ ϩ1) with the seed set from control sions nonrandomly sample overall gene density in the Lycoperplants (ϫ Ϫ0.5) and the appropriate homozygous NIL (ϫ sicon genome. Ϫ0.5; Eshed and Zamir 1995) .
Effects of introgression size on hybrid fitness: In addition to testing for individual introgressions of major effect (i.e., QTL), we also evaluated the strength of association between RESULTS the amount of introgressed LH genome and the expression of hybrid incompatibility. If hybrid incompatibility is due to somes 1 and 7 were associated with both measures of type of 0.639 or multiplicative expectation of 0.672. Whether the observed pollen fertility (0.576) is substanpollen fertility (Figure 2 ). This modest association does not suggest substantial chromosomal clustering of traits tially smaller than that expected under additive or multiplicative models-indicating synergistic negative interactions affecting male function and is reflected in the small and nonsignificant correlation between these pollen traits among loci contained within the larger introgressionis difficult to evaluate in this single instance. Regardless, (Table 2 ; see also below).
For one QTL, pf4.1, patterns of male sterility detected the pattern shown at this chromosomal region does suggest that at least two factors within the large introin the NILs were consistent with combined effects of two or more factors contained within a single large introgression contribute to the expression of male sterility. Seed fertility/viability: Seed fertility in introgression gressed region (Figure 2 ). The NIL (LA3935) containing this single, large introgression on chromosome 4 lines showed dramatically different results depending upon whether the resulting seed was heterozygous or showed a greater than threefold decrease in proportion of fertile pollen, in comparison to the LE control parent homozygous for an LH introgression. For LE-cross seed (resulting from pollinations with LE pollen), which were (mean PF, 0.576 vs. 0.842, respectively). However, four additional NILs containing overlapping genomic regions heterozygous for LH introgressions, no lines showed a significant reduction in seed fertility in comparison to showed no significant decrease in pollen fertility (mean PF range, 0.852-0.774). In particular, two NILs (LA3936 the pure LE parental line (Table 1) . Indeed, the only significant line effect observed for heterozygous seed and LA3937) that contained chromosomal regions representing two halves of the larger introgression individuset was a twofold increase in seed production above the pure parental LE line mean (LA3923/LE heterozygote ally showed mean 0.814 and 0.825 proportion of fertile pollen, giving an additive expected pollen fertility phenomean was 103.44 seeds per fruit vs. LE homozygote parental mean of 46.63 seeds per fruit). This resulted set are colocated with QTL associated with reduced male fertility (Figure 2 ). Because homozygous seed set is the in a minimum of one QTL for increased heterozygous seed set (Table 1; Figure 2 ). In contrast, seed set per product of self-fertilization, QTL for reduced self-seed set may not always be independent of loci for male fruit resulting from self-pollination and therefore homozygous for an LH introgression was substantially reduced infertility, as lines with low pollen fertility may be relatively ineffective at setting selfed seed. Nonetheless, in multiple introgression lines in comparison to the parental LE plants (Table 1 ; Figure 1, c and d) . In total, three lines of evidence support independence between pollen fertility and seed fertility for multiple QTL. First, we detected a minimum of nine QTL for homozygous seed set (Table 1; Figure 2) ; the only QTL of this group six QTL associated with reduced pollen fertility do not show associated reductions in self-seed set (i.e., are not that increased seed set was colocated with the QTL found to increase heterozygous seed set (Figure 2) . colocated with seed set QTL; Figure 2 ), indicating that reduced male fertility (measured as number and stainThe absence of significant seed infertility in crosses between NILs and the LE parent is evidence that obability of pollen) per se does not necessitate low self-seed set, under these experimental conditions. The mean served seed infertility is unlikely to be due to ovule (i.e., strictly female) sterility in the NIL parent (otherwise pollen fertility of these QTL is 0.528 (which is comparable to the 0.535 average pollen fertility found in pollen reduced seed set per fruit would be observed in infertile lines regardless of the genetic source of the pollen).
QTL colocated with seed set QTL) yet the mean seed set associated with these regions is 36.1 seeds per fruit, Therefore, it is probable that the seed infertility QTL identified here are due to zygotic incompatibility, exwhich is not substantially lower than the overall NIL mean or the control LE seed set. (In comparison, the pressed as early hybrid seed abortion or failure and observed as reduced numbers of seeds per fruit, and that average seed set for SSS QTL colocated with PF QTL is 12.5 seeds per fruit.) Second, four QTL detected for these factors are at least partially recessive (see below).
Four of the eight QTL for reduced homozygous seed reduced self (homozygous) set seed (sss1.2, sss4.1, sss5.1, square-root transformed) ; SSS, self (homozygous) seed set; SSC, LE-cross (heterozygous) seed set. *P Ͻ 0.05; **P Ͻ 0.01; ****P Ͻ 0.0001. and sss8.1) are not associated with reduced male fertility (Table 3; Figure 2 ) and are therefore apparently independent of male function. Finally, an ANOVA indicates that pollen fertility has a significant but very modest effect on observed variation among NILs in self-seed set (no effect was detected for LE-cross seed set); proportion of fertile pollen explains ‫%5ف‬ of self-seed set variation [i.e., R 2 ϭ 0.05, P Ͻ 0.0001; ANOVA with PF (arcsine transformed) as main effect]. Total pollen number had no significant effect on self-seed set (data not shown).
To more directly address the possible influence of male fertility on the expression of self-seed set, we removed the effects of male fertility by first analyzing selfseed set with proportion of fertile pollen (arcsine square root transformed) as a main effect and then using the residual values of this analysis in a Dunnett's test of mean differences between each NIL and the control parent. Of 14 NILs originally detected as having significantly reduced self-seed set, 10 remained significant after the effects of individual male fertility were removed statistically. These correspond to five QTL: all four QTL originally identified as independent of male function and one QTL (sss4.2) that is colocated with a locus that reduces male function. The three remaining self-seed QTL (sss1.1, sss2.1, and sss7.1) are identified as dependent on male sterility in this analysis (Table 3) ; on the basis of this result and the other analyses above, our provisional conclusion is that these three seed infertility QTL are likely to be predominantly the product of male infertility loci located in these regions. The five remaining seed infertility QTL are regions that confer reduced seed set, partially or fully independently of any male infertility effects in the same genomic region.
In lines with a significant effect for either heterozygous or homozygous seed set, we evaluated the allelic effect of the introgression by determining the size and significance of the dominance deviation (see materials and methods). (For completeness, these were calculated for all seed set QTL whether they were associated with a pollen QTL or not.) For the one QTL that conferred increased seed set (in both homozygous and het- Seed ⌬% describes the percentage phenotypic difference in seeds per fruit from the LE parent. Where applicable, the QTL for total pollen count per flower (PN) or proportion of fertile pollen (PF) that is colocated with each seed QTL is identified. Pollen ⌬% describes the percentage phenotypic change from the LE parent for the corresponding pollen trait at the same chromosomal region.
a QTL that remain significant after the effects of proportion of fertile pollen are removed prior to analysis (see text).
erozygous form) the dominance deviation was signifiset QTL, the dominance deviation was also significant (Table 4) . These QTL for reduced hybrid seed set act cant, such that both heterozygous and homozygous seed set exceeds seed set in LE control plants (Table 4) . recessively; that is, more heterozygous LH/LE seed was produced than expected on the basis of the midparent This is consistent with the QTL contained within the corresponding genomic region acting dominantly. [Alvalue of homozygous LH/LH and LE/LE seed set. The remaining three seed set QTL show patterns of gene acternatively, the data may also be consistent with a QTL that directly affects female (i.e., ovule) fertility, rather tion that do not differ from an additive model (Table 4) . In addition, two of the "nonindependent" self-seed set than zygotic seed viability (see discussion); if this is the case, then our analysis cannot assess genic action at QTL also appear to be recessive, probably due solely to differences in fertility of the pollen parent between LH/ this QTL.] For two of the five "independent" self-seed LH vs. LH/LE seeds (i.e., lowered male fertility of the LH parent; Table 4 ). Finally, a pattern of marginal overdominance is also shown in two SSS QTL (sss2.1 and sss5.1; Table 4 ). Heterozygosity could act to relieve the negative effects of slightly deleterious alleles that might have been fixed during artificial selection; accordingly, mild overdominance for fitness might be the result of inbreeding in the domesticated line.
Correlations among traits: Moderate to strong correlations were found between two pairs of traits (Table 2) . First, the number of self-seed set was strongly correlated with the number of cross-seed set (Table 2) , consistent with a pleiotropic mechanism underlying these physiologically and genetically related traits. Second, SSS was positively correlated with pollen fertility. While some lines with low pollen fertility could have been relatively ineffective at setting selfed seed (as outlined above), correlations between pollen and seed sterility could also be due to several other mechanisms. First, simultaneous reductions in pollen and seed fertility could be due to Dobzhansky-Muller interactions between genes, such as floral development loci, that are directly involved in the formation of pollen, ovules, and seed. Second, traits influencing fertility could be chromosomally clustered so that correlations are due to the nonrandom distribution of these traits in the genome. Third, reduced pollen and seed fertility may both indirectly result from the deleteri- or general health, on the basis of greenhouse observations. Regardless of the possible mechanisms linking pollen and seed fertility, the correlation between these the experimental variance in PF and SSS (main effects of line in individual ANOVAs that included plant nested traits is only moderate, indicating that factors other than pollen fertility also contributed to reduced self-seed with line as a main effect). set-consistent with our detection of QTL that reduce seed set independently of reduced male function (and DISCUSSION vice versa).
Introgression size effects on hybrid incompatibility:
The nature of the genes that underlie reproductive incompatibility between species influences both the evoWe detected statistically significant negative associations between the estimated size of the introgressed genetic lutionary dynamics of fixation of these trait changes and, more broadly, which traits are chiefly responsible for the region(s) in each NIL and the PF and SSS; introgression size was not associated with LE-cross seed set or total origin of new taxonomic groups. Three substantive findings emerge from our analysis of the genetics of hybrid pollen count per flower (Figure 3, a and b) . Nonetheless, where significant introgression "size effects" were incompatibility in Lycopersicon. First, hybrid incompatibility (measured as pollen sterility and seed infertildetected, they explained a very small component of the observed variation between lines in fertility. For examity) appears to be based on a relatively modest number of QTL. Second, the number of QTL influencing male ple, the strongest relationship observed (between introgression size and self-seed set) explained Ͻ7% of the (pollen) sterility and other forms of hybrid incompatibility are roughly comparable. Third, seed infertility among-line variation in this trait (Figure 3) . In comparison, line effects explained 39 and 45%, respectively, of factors appear to act recessively or at most additively in hybrid introgression lines. The first two findings differ and L. hirsutum is unknown, but may be substantially older than 1 million years (Nesbitt and Tanksley 2002) . At substantially from prior analyses in Drosophila, while the third is largely in agreement with previous studies. least some of the observed differences may be due to differences in the degree of genetic resolution between The observed differences might be due to biological differences between Lycopersicon and Drosophila models, studies. Our study uses somewhat larger introgressions (mean, ‫5.84ف‬ cM; range, 4.5-135 cM) compared to the especially in the sex determination system, reproductive and mating biology, and the prevalence of sexual interDrosophila studies [mean range from 4.7 cM (simulated estimate; True et al. 1996) to 26.8 cM (Hollocher and actions such as sexual selection.
Complexity of hybrid incompatibility: The number Wu 1996)]. However, our introgressions correspond to an average of ‫%4ف‬ of the length of the hybrid genome and distribution of phenotypic effects of incompatibility loci can suggest how many factors might be required (range 0.35-10.7%) per NIL, which is comparable to the Drosophila analyses (average of ‫%7-7.0ف‬ of the to isolate evolving populations. Here we have shown that interspecific pollen and seed infertility could each length of the hybrid genome). Nonetheless, if 1 cM translates roughly to 1 Mb in tomato (Pillen et al. 1996 ) be due to the effects of 5-11 QTL. Of the 19 QTL total that reduce hybrid pollen or seed fertility, 11 are coloand if genes are ‫1ف‬ kb long on average, then even a relatively small region of 5 cM could contain hundreds cated with at least 1 other incompatibility QTL, some of which could share a common physiological or genetic of genes. As such, greater genetic resolution from smaller introgressed regions might reveal a considerably more basis. Accounting for colocated QTL, we detect 13 individual genomic regions associated with one or more complex genetic basis underlying each of the QTL identified here. This is borne out to some extent by our components of hybrid incompatibility. Many of these regions have relatively large individual effects on hybrid finding that pf4.1 is likely composed of at least two loci that contribute to pollen sterility. Nonetheless, three infertility, although none individually causes complete hybrid incompatibility. At least four genomic regions lines of evidence, discussed below, suggest that the number of loci we have detected here is a reasonable first are associated with ‫%05ف‬ hybrid male sterility. This pattern is more pronounced for seed infertility, where estimate of the relative complexity of hybrid incompatibility between these Lycopersicon species. individual regions can reduce the number of seeds set per fruit by Ͼ80% compared to the LE parent (e.g., First, the number of identified loci is roughly in line with previous analyses in plants. Estimates based on F 2 sss1.2, sss5.1, and sss8.1), independent of any other incompatibility factor. In general, then, we detect a relasegregation of male sterility (e.g., Mimulus, Fishman and Willis 2001) or patterns of marker transmission ratio tively modest number of QTL contributing to hybrid incompatibility. distortion (rice, Harushima et al. 2001 Harushima et al. , 2002 Eucalyptus, Myburg et al. 2004 ) are suggestive that a modest In comparison, studies in Drosophila indicate that interspecific (especially male) sterility is frequently highly number of Dobzhansky-Muller interactions can control hybrid incompatibility among plants. Similarly, traits polygenic and complex, being composed of many epistatically interacting factors (e.g.,  such as partial embryo sac infertility (Liu et al. 2001) , hybrid endosperm failure (Matsubara et al. 2003) , and Davis and Wu 1996) . Three previous analyses (Hollocher and Wu 1996; True et al. 1996; Tao et al. 2003b) spikelet sterility (Li et al. 1997) in rice and hybrid pollen inviability in sunflower each are most comparable to our study, in that they examined the effect of homozygous introgressions on a homozyappear to be based on approximately three to six major QTL. Note that, unlike several of these studies (Li et al. gous foreign genetic background and have similar genetic resolution in terms of introgression sizes. On the ba-1997; Kim and Rieseberg 2001), the factors identified in our study are unlikely to be due to the effects of null sis of these studies, it has been estimated that ‫06ف‬ QTL in total contribute to hybrid male sterility when D. mauriphenotypes resulting from introgressions containing chromosomal inversions or translocations that differ betiana is introgressed into a D. simulans background (Tao et al. 2003a ), a species pair separated for ‫3.0ف‬ million tween the species. Not only is Lycopersicon commonly believed to be chromosomally collinear on the basis of years. There are at least 9 loci for hybrid male sterility on ‫%04ف‬ the X chromosome (reviewed in Wu and Holcurrent cytology and marker map resolution (Stevens and Rick 1986; Quiros 1991 )-a supposition that is locher 1998) and 19 loci on the third chromosome (Tao et al. 2003b) , most with relatively modest individual testable with future sequencing efforts-but also we find no evidence for significant underdominance in fitness at effects such that at least two or three factors are simultaneously required for complete sterility.
any introgressed region. This observation is inconsistent with chromosomal rearrangements causing hybrid inThese estimates are clearly substantially higher than those generated in our analysis, especially considering compatibility (Fishman and Willis 2001) ; therefore chromosomal rearrangements likely play little role in male sterility alone. Time since species divergence does not account for this difference in the number of QTL reproductive isolating barriers between these two species, at least with respect to seed infertility for which we associated with hybrid incompatibility; the precise timing of the split between the ancestors of L. esculentum have both homozygous and heterozygous comparisons.
Regardless of the precise mechanism, however, the numgenomic scales in our species cross, then the genetic basis of each hybrid incompatibility QTL may be limited ber of factors detected in our study are in line with these limited data from other plant systems, especially to one or a few molecular loci of moderate to large effect. Clearly, however, further genetic dissection using as divergence times between L. esculentum and L. hirsutum are likely longer than those of most of the other shorter recombinants of the current introgressions will be helpful in resolving the number of individual molecucrosses analyzed to date.
Second, our own analysis suggests that an infinitesilar loci contributing to each identified QTL. In addition, there are two further caveats to interpremal model of hybrid incompatibility factors, where incompatibility is due to many genes of relatively small ting the number of factors contributing to hybrid incompatibility detected here: the possible influence of either individual effect, is not consistent with detected patterns of hybrid incompatibility. Under the infinitesimal model, unconditionally deleterious loci or complex epistasis. The first factor could act to inflate estimates of incompatibility reduced hybrid fitness is expected to be strongly associated with the amount of one species genome repreloci, while the second may lead us to underestimate the number of QTL involved in hybrid incompatibility. First, sented in a foreign genetic background. This is simply because longer introgressions are likely to contain more inbreeding depression due to unconditionally deleterious loci could account for one or more putative hybrid incomincompatibility factors than shorter introgressions, provided each contains a comparable gene density per unit patibility QTL. This would be the case if semilethal recessive alleles, heterozygous in the normally outbreeding L. of map distance. As expected under this model, hybrid male sterility appears to increase with the size of heterohirsutum parent, were fixed during the generation of these inbred homozygous lines; these factors would be deleterizygous autosomal interspecific introgressions between Drosophila buzzatii and D. koepferae (Marin 1996; Naveira ous regardless of whether the genetic background was heterospecific or homospecific. For unconditionally deland Maside 1998) and homozygous introgressions in NILs between D. simulans and D. mauritiana (Tao et al. eterious recessives to explain the bulk of loci identified here, the frequency of strongly deleterious recessives 2003a). (See also Naveira 1992 and Hollocher and Wu 1996 for additional evidence for introgression size segregating in the L. hirsutum source population would have to be on the order of 15-19 per haploid genome. effects in Drosophila.) In contrast, our analysis of pollen and seed fertility detected a very weak size effect of [This is because only one LH haploid genome (i.e., in the original F 1 hybrid plant) contributes LH alleles to chromosomal introgressions for only some measures of hybrid incompatibility, which explained little of the this NIL population.] L. hirsutum exhibits variable levels of inbreeding depression, depending upon the specific fertility variation observed within the experiment. In comparison, genetic differences between lines explained accession examined and its breeding system (Martin 1962); however, little is directly known about the frefour to five times the variation observed for these traits. There is also no evidence that hybrid incompatibility quency of deleterious recessives in this species. Evidence from model systems (especially Drosophila and huincreases at some threshold of introgression size (cf. Naveira and Maside 1998). These weak (or absent) mans), in addition to well-developed theory, indicates that the frequency of segregating deleterious recessives associations between introgression size and measures of hybrid incompatibility suggest that an infinitesimal (lethals and steriles) in highly outbred species is on the order of 2-6 alleles per haploid genome (Crow and model is inappropriate for our species cross and are consistent with the limited number of incompatibility Kimura 1970; Hartl and Clark 1989). The potential for haploid selection against deleterious mutations makes QTL we detected, as well as the many genomic regions apparently unassociated with hybrid incompatibility. this predicted frequency lower for genes expressed in the gametophytic stage, as appears to be the case with a large Finally, single QTL have regularly been cloned to one or a few molecular genes of large effect in several plant proportion of the genome in many plants (Walbot and Evans 2003), including tomato. Overall, these data systems, including Lycopersicon. The fine-scale genetic structure of specific QTL for hybrid incompatibility (e.g., suggest that the bulk of loci identified here are likely associated with true hybrid incompatibility factors rather Doi et al. 1999; Kubo et al. 2001; Sobrizal et al. 2002) and other quantitative traits (e.g., El-Assal et al. 2001;  than with strongly deleterious alleles that were sheltered in the L. hirsutum parental population. This hypothesis Osterberg et al. 2002; see also Remington and Purugganan 2003) has been less complex than that detected is testable either by the evaluation of additional introgression lines developed with an alternative L. hirsutum in Drosophila (e.g., Davis and Wu 1996) . In Lycopersicon, large-effect QTL underlying quantitative trait exdonor, including fertility assessment of trans-heterozygotes generated by crossing two lines with the same pression in fruit weight and sugar content have also been fine-mapped and cloned to individual molecular genomic region independently derived from different accessions (cf. Tao et al. 2003a) , or by biparental inloci (e.g., fw2.2, Frary et al. 2000; Brix9-2-5, Fridman et al. 2000) . While we do not yet know the molecular breeding within L. hirsutum to evaluate the fitness effects of each homozygous L. hirsutum introgression region in genetic basis of the QTL identified here, if these results can be used as any indication of expectations at finer its own homospecific genetic background.
Second, introgression lines containing single chrolikely that seed sterility observed here is due to zygote incompatibility (lethality) causing early seed failure after mosomal regions are individually unable to detect complex epistasis involving multiple loci from one species in fertilization, rather than ovule sterility per se. Second, some measures of hybrid incompatibility may be noninthe genetic background of another. Accordingly, if expression of hybrid incompatibility is sensitive to genetic dependent, including pollen and seed sterility (as discussed above). Nonetheless, even simply assuming that background then introgression line analysis will give an underestimate of the loci contributing to hybrid incomthere are 11 independent pollen QTL vs. 5-9 QTL for seed set, these relative counts for different components patibility. Numerous previous studies in Drosophila have indicated that hybrid incompatibility could be exacerof hybrid incompatibility are a substantial departure from the orders of magnitude differences detected in previbated by interactions among multiple introgressions from a single species in a foreign genetic background (Wu ous studies. In addition, the seed infertility QTL we detected had on average much stronger negative effects and Hollocher 1998; Tao et al. 2003b and references therein) . Nonetheless, there is still limited and someon hybrid fitness than did the pollen sterility QTL (even for those putative QTL not associated with pollen traits). what mixed (e.g., Kim and Rieseberg 2001; Slotman et al. 2004) evidence that complex epistasis is generally These differences between our results and those typical of Drosophila may be due to biological differences important in hybrid incompatibility. In this study, we identified one specific genomic region on chromosome between the two groups, including different modes of sex determination, different propensities for sexual in-4 (pf4.1) in which the combined effects of two or more loci were apparently necessary for the expression of teractions, different reproductive biology, or different patterns of covariation between traits underlying sex substantial pollen sterility. This single case suggests that interactions among adjacent chromosomal regions could function. In Drosophila, the faster evolution of male sterility could be due to faster male evolution driven by influence the expression of hybrid sterility. Fortunately, introgression lines are powerful tools for evaluating epissexual selection or sex-ratio selection or due to sex chromosome-autosome interactions that differ between hytasis among two or more loci, as the phenotypic effect of specific two-locus genotypes can systematically be asbrid males and females Wu et al. 1996; Turelli and Orr 2000; Tao and Hartl 2003) . sessed against that of single introgressions by combining NILs via crossing (Eshed and Zamir 1996) . One of In contrast, Lycopersicon does not have heteromorphic sex chromosomes (or sex chromosomes of any kind); in our forthcoming goals is to serially combine NILs containing putative hybrid incompatibility QTL, to directly addition, the relative importance of sexual interactions such as male-male competition is as yet unknown in this assess the strength of pairwise interactions among conspecific introgressions on a foreign genetic background (and many) plant systems. Either of these biological differences could explain a slowed accumulation of and to evaluate whether such interactions are typically synergistic, additive, or antagonistic in their effects on male sterility factors and therefore the relative parity between pollen sterility and other forms of hybrid inhybrid incompatibility.
Expression of male sterility vs. other hybrid incompatcompatibility in our study. Although there are little data on the relative rates of accumulation of different forms ibilities: The second striking result in our study is the roughly comparable numbers of male sterility QTL and of hybrid incompatibility in other plant systems, a recent analysis of reproductive isolation among 32 species in QTL for other forms of hybrid incompatibility. Previous analyses in Drosophila indicate that male sterility factors two diverse plant genera found no evidence that hybrid pollen sterility evolved more rapidly than parental crossare one to two orders of magnitude more abundant than loci for female sterility or hybrid inviability. For compatibility (Moyle et al. 2004) , reinforcing the conclusion that hybrid male sterility may not evolve espeexample, in a D. simulans ϫ D. mauritiana cross, 67 of 145 introgression lines were found to be male infertile cially rapidly among plant taxa. Nonetheless, whether male or female (or other) hybrid incompatibility evolves whereas no lines were female infertile or inviable (Tao et al. 2003a ); comparable differences have been found faster among plant species in general is, as yet, unknown. The evidence for faster evolution of male vs. other (espein other genome-wide studies of hybrid incompatibility factors (e.g., True et al. 1996) and it is generally accepted cially female) hybrid incompatibility from other biological groups [e.g., butterflies and moths (Presgraves that male sterility is the first and most rapidly evolving form of hybrid incompatibility in Drosophila (Wu and 2002) , birds Price and Bouvier 2002) , and mosquitoes (Presgraves and Orr 1998) ] is also Hollocher 1998).
In our study the relative numbers of loci for male variable, perhaps due to differences in sex determination or sexual interactions. sterility and other forms of hybrid incompatibility are difficult to assess precisely. First, pollen and seed fertility Alternatively, large differences in reproductive biology might plausibly explain the differences detected here. For are not strictly analogous measures of hybrid fertility; the former assesses inviable male gamete production example, differences in the sensitivity of spermatogenesis have been previously proposed to explain differences whereas seed set includes the composite effects of female fertility and early zygotic dysfunction. Indeed, it is in the propensity for hybrid male sterility among animal groups . Lycopersicon differs considerfore one might expect greater genetic and phenotypic associations between male and female fertility factors ably from Drosophila in both male and female gametogenesis and in the formation and provisioning of fertilin these species and, accordingly, stronger genetic constraints on the independent evolution of each class of ized embryos (Walbot and Evans 2003 and references therein). Unfortunately, there are currently little data traits. This expectation is supported by limited data from other studies. Among closely related Mimulus guttatus in Lycopersicon to directly assess the relative complexity of pollen vs. seed formation, the number of genes conand M. nasutus, for example, significant correlations between pollen viability and seed set suggest that F 2 male tributing directly to male and female function, and therefore their relative sensitivity to mutational change. and female fertility partially share a common genetic basis (Fishman and Willis 2001) . Data from our analyMale sterility mutants are commonly observed in Lycopersicon (Gorman and McCormick 1997) and are apsis are less clear. In several instances we have good evidence for the partial or complete independence of seed proximately twice as common as female-specific sterile mutants in current Lycopersicon monogenic mutant infertility from pollen sterility, most notably the observations that pollen sterility QTL are not always accompastocks (for example, see http://zamir.sgn.cornell.edu/ mutants/ and http::/ /tgrc.ucdavis.edu), although directly nied by seed infertility QTL and vice versa. Nonetheless, our data also show a modest correlation between pollen comparable estimates of the frequency of seed sterility are hard to obtain. However, our detection of multiple and seed fertility. Future fine mapping and identification of underlying genetic factors will be able to differ-QTL for hybrid seed inviability is entirely consistent with previous observational data for Lycopersicon. In entiate functional pleiotropy at single underlying loci from the alternative explanation that pollen and seed particular, hybrid seed failure is known to be a common early interspecific barrier among many plant species incompatibility QTL are nonrandomly clustered in the genome. (Katsiotis et al. 1995; Lester and Kang 1998) , especially within the Solanaceae (Brink and Cooper 1947;  Finally, note that our finding of roughly comparable numbers of pollen and seed incompatibility QTL is very Hogenboom 1972), even in the absence of other substantial hybrid breakdown. This apparent propensity for unlikely to be due to a bias against detecting pollen factors, because of differential selection against these hybrid seed incompatibility may also contribute substantially to equalizing the relative frequency of zygotic inviaduring the development of the NILs. In particular, for several generations LE was used as the recurrent pollen bility and male sterility loci observed in our study. Moreover, among Solanaceous species, hybrid seed inviability parent during the construction of the lines (Bernacchi et al. 1998b ), a breeding scheme that provides little has frequently been attributed to species-specific changes in gene dosage within the endosperm (the triploid tissue opportunity for differential selection against male sterility factors. that provisions embryonic development within the seed; e.g., Johnston et al. 1980; Katsiotis et al. 1995) , possiThe mode of gene action for hybrid seed set: The third major finding of our study is the apparent recesbly leading to mismatched patterns of genomic imprinting or gene expression (Ehlenfeldt and Ortiz 1995;  sivity of loci influencing hybrid seed set. To our knowledge, no previous study has directly investigated the Masuelli 2001) and consequent seed abortion. In general, then, coordination of unique tissues such as the genome-wide dominance relationships of sterility factors in plants (see Sano 1986 and Ikehashi and Araki endosperm, with embryonic development in early zygotes, is one way in which the reproductive biology of 1988 for data from specific loci). Several studies in Drosophila have shown that hybrid male and female sterility different systems (in this case angiosperms) may facilitate very different mechanisms of early evolution of reis more severe when introgressions are homozygous rather than heterozygous (e.g., Hollocher and Wu 1996; True productive isolation.
A final alternative explanation for the rough parity et al. 1996) ; in addition, recent analysis of hybrid inviability suggests that recessive factors are eight times more between pollen and seed incompatibility QTL is that physiological and genetic covariance between male and common than dominant inviability factors (Presgraves 2003) . Male sterility also appears to be recessive in mosfemale traits in hermaphrodites may prevent independent evolution of these classes of traits without concurquitoes . In our analysis of seed set, we routinely observed that homozygous introgressions rent effects on trait expression in the other sex. Drosophila mutagenesis (see Ashburner 1989) and QTL have more than twice the effect of the corresponding heterozygous introgression on the number of seed set mapping (Hollocher and Wu 1996; True et al. 1996) studies show no evidence that loci influencing male and per fruit, indicating that seed infertility factors are often partially recessive in this Lycopersicon species cross. female hybrid fertility share a common genetic basis. However, in hermaphroditic flowering plants with perThis is the case even for seed set QTL that are completely independent of male fertility and therefore cannot be fect flowers (i.e., flowers with both male and female parts), male and female tissues are developmentally adsimply due to differences between lines in male fertility. Other seed set factors showed no significant dominance jacent in both time and space, and single individuals carry complete sets of sex determination genes. Theredeviation, consistent with additive gene action, in which the LH/LE heterozygote shows approximately half the long been debated (de Nettancourt 2001 and references therein) with little conclusive resolution. Nonereduced seed set seen in the LH/LH homozygote. It is interesting that only the single QTL associated with theless, a recent study indicates that a QTL for interspecific cross-incompatibility among L. esculentum and increased hybrid seed set shows gene action consistent with dominance for increased hybrid seed success. An L. hirsutum maps to the same genomic location as the self-incompatibility (S) locus (Bernacchi and Tankalternative hypothesis, consistent with the observation that seed set is increased equally in self-and LE crosssley 1997). Because the S-locus was not represented in the NIL population, we were unable to assess its influpollinations involving this locus, is that this QTL increases ovule (female) fertility directly, regardless of the ence on hybrid incompatibility here. However, the data presented indicate that substantial hybrid incompatibilpollen source used to sire seeds. It is interesting that this QTL (located at the end of chromosome 2) is close ity can be detected even in the absence of the S-locus and therefore demonstrate that factors other than this to the genomic site of the molecularly cloned locus-ORFX-that controls fruit weight difference between locus can strongly influence the expression of hybrid incompatibility. Finally, although one of the species used L. esculentum and L. pennellii (Frary et al. 2000) and, perhaps, between other Lycopersicon species (Alpert in our analysis was a cultivated species, it is unlikely that the process of domestication alone can explain our et al. 1995) . The ORFX locus is thought to act as a negative regulator of cell proliferation in the carpels of the results, especially their departure from previous findings in Drosophila. As discussed, many of the general developing flower, the tissues that give rise to the ovary, ovules, and fruit. Lower transcription levels correspond patterns detected here have counterparts in several other systems, especially in other plant crosses between to more cell divisions, producing larger fruits in the domesticated tomato (Frary et al. 2000) . Although, in wild species, a priori suggesting that domestication need not play a substantial role in either limiting the number our study, the LH introgression at this genomic region is associated with reduced fruit size that is typical of wild of factors contributing to hybrid incompatibility or equalizing the relative contribution of male sterility and other Lycopersicon species alleles (L. Moyle and E. Graham, unpublished observations), it is an intriguing possibility hybrid incompatibilities. Nonetheless, because there are presently so few analyses of hybrid incompatibility outthat transgressive expression of ORFX has led to a proliferation of ovules in introgression hybrids, producing side Drosophila, it is difficult to independently assess the relative importance of all potentially influential factors consequent increases in hybrid seed number not seen in either parent species.
without additional studies in more diverse biological groups, especially those with contrasting sex determinaFinally, our conclusion that hybrid seed infertility factors are generally partially recessive or, at most, additive tion, mating, and reproductive systems.
Conclusions:
This study demonstrates the fruitfulness relies on the assumption that dominant seed incompatibility factors were not differentially lost during the deof using current genomic resources developed in other contexts to approach long-standing evolutionary quesvelopment of the introgression lines we used. Very few genomic regions are missing from the analyzed NIL tions. Several of our findings are intriguing in the context of current expectations of the behavior of hybrid population (Monforte and Tanksley 2000) , indicating that loss of many dominant factors is unlikely. Two incompatibility factors. We observed two substantive differences from patterns of hybrid incompatibility in the of the four major missing regions, those encompassing the self-incompatibility and self-pruning loci, are unfruit fly, a relatively modest genetic basis and a rough parity between hybrid male sterility and other forms of represented for logistical reasons (that is, they were deliberately selected during development of the NILs; hybrid incompatibility (i.e., hybrid seed inviability), that are supported by additional evidence from other diverse see materials and methods); therefore we have no reason to expect that these regions differentially harbor systems. These departures may be due to biological differences between groups, notably in sex determination, dominant incompatibility factors. Of the other two missing regions, the region on chromosome 8 was introsexual interactions, and reproductive biology, but their ultimate basis remains to be determined. The relative imgressed in heterozygous form but could not be made homozygous during the generation of NILs (Monforte portance of these biological differences could be readily tested with additional analyses of the genetic basis of and Tanksley 2000); this strongly suggests that this region contains a locus (or loci) that acts partially or hybrid incompatibility, using groups both with and without heteromorphic sex chromosomes, strong sexual sefully recessively to generate gametic or hybrid lethality. It remains possible that the second region, on chromolection, and/or separate sexes. Indirect analyses based on such contrasts (e.g., Presgraves and Orr 1998; some 2, may harbor one or more dominant incompatibility factors. Arnqvist et al. 2000) have provided intriguing evidence for their potential importance in shaping patterns of Other influences on the expression of hybrid incompatibility: The role of genetic self-incompatibility systems hybrid incompatibility. However, there are multiple promising systems both within and outside the dipterans (as found in L. hirsutum and other Lycopersicon species) in the expression of interspecific crossing barriers has in which it is increasingly feasible to directly examine
